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ABSTRACT
Using the group crossing time tc as an age indicator for galaxy groups, we have investigated the correlation
between tc and the group spiral fraction, as well as between tc and the neutral hydrogen gas fraction of galaxy
groups. Our galaxy group sample is selected from the SDSS DR7 catalog, and the group spiral fraction is de-
rived from the Galaxy Zoo morphological data set. We found that the group spiral galaxy fraction is correlated
with the group crossing time. We further cross matched the latest released ALFALFA 70% HI source catalog
with the SDSS group catalog and have identified 172 groups from the SDSS survey whose total HI mass can be
derived by summing up the HI mass of all the HI sources within the group radius. For the galaxies not detected
in the ALFALFA, we estimate their HI masses based on the galaxies’ optical colors and magnitudes. Our sam-
ple groups contain more than 8 member galaxies, they cover a wide range of halo masses and are distributed
in different cosmic environments. We derived the group HI mass fraction which is the ratio of group HI mass
to the group virial mass. We found a correlation between the HI mass fraction and the group crossing time.
Our results suggest that long time scale mechanisms such as starvation seem to play a more important role than
short time scale processes like stripping in depleting HI gas in the SDSS galaxy groups.
Subject headings: galaxy groups – neutral hydrogen – group evolution
1. INTRODUCTION
In the hierarchical galaxy formation model, disk galaxies
form first and then fall into bigger halos. By merging, dark
matter halos grow over cosmic time. Galaxies tend to appear
in groups, or clusters. Groups have fewer galaxy members
than clusters, but can grow into clusters when more members
are accumulated. Thus, they could be considered as an inter-
mediate system in the Universe. These systems not only probe
the Large Scale Structure of matter distribution, but also of-
fer a unique environment for studying their impact on galaxy
evolution. Modern large sky surveys such as the Sloan Digital
Sky Survey (SDSS) (York et al. 2000) have detected a large
number of galaxies and thousands of galaxy groups have been
identified in several group catalogs (e.g. Berlind et al. 2006;
Crook et al. 2008), which enable us to make a statistical anal-
ysis of the relationship between group properties and their en-
vironments.
Neutral hydrogen (HI) gas is an important component of
galaxies. This component is loosely gravitationally bound,
and is easily disturbed by galaxy interactions and tidal forces
(Hibbard & van Gorkom 1996). When galaxies fall into the
gravitational potential center of a group or a cluster, HI gas
may be heated or ionized by shocks, and may also escape
the interacting system and disperse, becoming too diffuse to
detect (Hibbard & van Gorkom 1996). Galaxy merging can
also efficiently remove angular momentum so that HI clouds
can be accreted into the central part of galaxies, increase their
density and cool quickly to form molecular clouds. There-
fore, HI content is a good tracer of a group’s internal interac-
tion level, and should be related to the evolutionary stages of
galaxy groups or clusters.
Many investigators have noticed that galaxy groups and
clusters are deficient in HI (Verdes-Montenegro et al.
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2001,Solanes et al. 2004,Taylor et al. 2012). Many previ-
ous works focus on the relationship between gas content and
group/cluster environment(Davies & Lewis 1973,Haynes &
Giovanelli 1984,Solanes 2001,Kilborn et al. 2009,Rasmussen
et al. 2012,Serra et al. 2012,Brown et al. 2016,Stark et al.
2016). Quantitatively, the HI deficiency is defined as a mea-
sure of how much gas a galaxy of a given morphological type
and optical diameter has lost in comparison to a similar field
galaxy (Haynes & Giovanelli 1984; Giovanelli & Haynes
1985). Several mechanisms have been suggested to explain
the environmental influence on HI deficiency such as ram
pressure stripping (Gunn & Gott 1972,Kenney et al. 2004,
Boselli & Gavazzi 2006, Chung et al. 2009, Cortese et al.
2011), galaxy harassment (Moore et al. 1996) and interactions
between individual galaxies (Mihos 2004), starvation (Lar-
son & Tinsley & Caldwell 1980,Balogh & Navarro & Morris
2000,Bekki & Couch & Shioya 2002,Kawata & Mulchaey
2008) and viscous stripping (Rasmussen et al. 2012), but their
relative importance is still not well understood. The detailed
physical processes for group HI deficiency remain unclear
(Catinella et al. 2013,Hess & Wilcots 2013). After analyzing
the HI content of spirals in 18 nearby clusters, Solanes et al.
(2004) concluded that the observed distribution of HI defi-
ciency in the Virgo core appears to be closely associated with
the dynamically evolutionary state of the main aggregates.
Another observational fact is that galaxy properties such
as optical colors, morphologies and star formation rates are
closely correlated with the galaxy environment when mea-
sured by the galaxy number density (Lewis et al. 2002, Kauff-
mann et al. 2004, Blanton & Moustakas 2009, Bretherton et
al. 2013, Pasetto et al. 2014, Mok et al. 2016). For example,
Dressler (1980) pointed out that the fraction of early type and
S0 galaxies increases with increasing environmental density.
Balogh et al. (1997) also found that the fraction of star form-
ing galaxies is smaller in cluster environment than that in the
2field.
Most galaxy evolution studies are based on observations
of galaxies at different redshifts, such as the Butcher-Oemler
effect (Butcher & Oemler 1978; Butcher & Oemler 1984),
which shows an increase in the blue cluster population with
redshift. Observations of molecular gas traced by CO have
shown that as redshift goes higher there is a statistical increase
of CO gas fraction in galaxies (c.f. the IRAM Plateau de Bure
high-z blue sequence CO 3-2 survey, Tacconi et al. (2013)
and references therein). Many investigators have attempted
to detect HI emission at high redshift. However, because of
the inherent weakness of the HI line and the contamination of
the spectrum by terrestrial radio frequency interference (RFI),
studies of redshifted HI emission from individual galaxies
have only recently been possible up to 0.25-0.37 (Catinella et
al. 2013; Fernandez et al. 2016). Beyond that, the study of HI
emission from individual objects requires the resolution and
collecting area of the future Square Kilometer Array (SKA).
As pointed out by Ai & Zhu & Fu (2017) the sensitivity of
large single dish telescopes, such as the Five-hundred-meter
Aperture Spherical radio Telescope(FAST, Nan et al. 2011) is
high enough to detect HI emission from galaxy groups and
clusters at intermediate redshift. At redshift of 0.7, the beam
size of FAST is 2.95′(1+ z) corresponding to a physical size
of about 0.9 Mpc which is the typical scale of a group or clus-
ter, thus FAST can be used to measure the integrated HI emis-
sions from groups and to study the evolution of the group total
HI contents over cosmic time.
In order to establish a benchmark for studying high redshift
groups, we have carried out a systematic study of the global
HI properties in a large sample of low redshift galaxy groups
derived from the SDSS surveys. Our study shows that galaxy
evolution in group environment can also be studied in the lo-
cal universe. For example, Hickson (1982) published a cata-
log of hyper compact galaxy groups, and they found that the
fraction of spiral galaxies is well correlated with their evolu-
tionary status characterized by the quantity of group crossing
time (Hickson et al. 1992). This suggests that the ”Group
crossing time” tc could be used as a criterion to distinguish
group dynamical states. Since spiral galaxies are normally
gas rich, we would expect that the HI gas fraction in groups
is also correlated with the group crossing time. In this pa-
per we explore the correlation between tc and the group spiral
fraction, as well as between tc and the neutral hydrogen gas
fraction of galaxy groups.
In all the calculations we use the Hubble constant H0 = 70
km s−1Mpc−1.
2. THE GROUP SAMPLE AND RELATED DATA
2.1. Galaxy Group Catalogs
Our sample was selected from the SDSS DR7 Mr18 group
catalog. This catalog is based on an optimized algorithm
of the friends of friends (FoF) method which is described
in detail in Berlind et al. (2006). The complete group cat-
alogs derived from SDSS DR7 are available online (http:
//lss.phy.vanderbilt.edu/groups/dr7/). There are
three galaxy samples created with different absolute magni-
tude limits and redshift ranges. Each one is complete within
the stated limits. Given that the highest redshift of the HI
sources in the ALFALFA (Giovanelli et al. 2005) is around
0.06 and the luminous HI source corresponds to less lumi-
nous optical galaxy, we choose the faintest Mr18 group sam-
ple whose r band absolute magnitude is down to Mr = −18.
The redshift range for the SDSS Mr18 group is between 0.02
and 0.042. We restrict our sample to groupswith galaxymem-
ber count N≥ 8 because the virial mass of very small group
is extremely unreliable due to large uncertainties in determin-
ing the group radius and velocity dispersion. We delete the
”groups”which have N>200 because their properties are sim-
ilar to big clusters, and thus we did not include them in our
group sample. With these criteria we selected 7367 galaxies
within 459 groups.
2.2. Morphology of group member galaxies
The morphological data come from the Galaxy Zoo 1 (Lin-
tott et al. 2011) data set. There are nearly 700,000 SDSS DR7
classified galaxies with available spectra and the results are
debiased based on the redshift information. Over 200,000
DR7 classified galaxies have no spectra, thus no accurate red-
shift and no bias estimate can be obtained. The huge num-
ber of classified galaxies makes Galaxy Zoo 1 the largest data
set of galaxy morphologies and allows us to classify the mor-
phology of most of our SDSS group member galaxies. The
cross match of the SDSS member galaxies and Galaxy Zoo 1
galaxies was performed using the software TOPCAT with an
angular distance of 5′′. A total of 6552 SDSS member galax-
ies in 440 groups with number of member galaxies N ≥ 8 are
classified as spirals or ellipticals. We used a cut off value of
0.5 as morphological criterion to distinguish between the el-
liptical and spiral types in the Galaxy Zoo 1 data set. Among
the 6552 galaxies, 3357 galaxies are classified as spirals and
2819 galaxies are classified as ellipticals. The remaining 376
galaxies do not meet the spiral or elliptical criterion and we
marked them as uncertain. We exclude those galaxies marked
as ”no-spectra” in the Galaxy Zoo 1 catalog in our sample
because no debias was carried out for them. So, a total of
95.86% of our SDSS groups and 88.94% of group members
are identified with galaxy morphology types. According to
Lintott et al. (2011), a cut off value of 0.5 yields a misclassi-
fication rate of 19%. We also tried to use a cut off value of
0.6 as a morphological criterion which yields a misclassifica-
tion rate of 10%. In this case, 3130 galaxies are classified as
spirals and 2655 galaxies are classified as ellipticals. The rest
of 767 galaxies remain unclassified, representing 13% of the
sample galaxies.
2.3. HI mass in SDSS groups
2.3.1. HI sources associated with SDSS groups
To get the group HI mass, we use the recently released
ALFALFA 70 (α.70) catalog (for details see the reference
to the α.40 catalog by Haynes et al. (2011)), which con-
tains 70% of the data from the ALFA extragalactic HI sur-
vey using the Arecibo 305 meter telescope. The α.70 HI
source catalog is available on the web site http://egg.
astro.cornell.edu/alfalfa/data/. In this catalog, the
detected HI sources with the available SDSS optical counter-
parts (OCs) have been identified and their (RA, DEC) coor-
dinates are listed. Similar to the process of Hess & Wilcots
(2013), we assigned HI sources to group dark matter halos in
a two step process.
In the first step we cross match the Mr18 group member
galaxies with the α.70 HI sources using TOPCAT, and the an-
gular distance between SDSS member galaxies and α.70 HI’s
OC is 5′′. We delete the matched pairs which have redshift
difference larger than 200 km s−1. There are 256 N≥ 8 SDSS
groups that lie in the α.70 survey region and we matched 726
3α.70 HI sources with SDSS N≥ 8 group member galaxies
which are distributed in 216 SDSS groups.
In the second step we add several HI sources which are lu-
minous in the radio band while faint in the optical band. These
objects are not included in our group sample because their r
band magnitudes are over the magnitude limit of the SDSS
Mr 18 sample. We associate the α.70 objects to our sample
groups based on the following criteria: (1) have HI detections
where no OC is present in the α.70 catalog or the magnitudes
of the OCs are below our sample magnitude limit; (2) the pro-
jected distance between the α.70 object and the SDSS group
center is less than 2Rrms, where Rrms is the rms radius defined
in Berlind et al. 2006; (3) the velocity difference between the
HI source and the group is less than themax value of the group
velocity dispersion and 300 km s−1. In this way we obtained
40 extra HI members in the previously identified 216 groups,
adding 5% in the total number of galaxies. The method used
here for assigning HI sources to groups is very similar to that
of Hess & Wilcots (2013).
For the SDSS-HI matched groups, we include both AL-
FALFA ”code 1” and ”code 2” sources, which have a signal-
to-noise ratio S/N > 6.5, and 4.5 < S/N < 6.5, respectively.
They are likely to be real because nearly all of them have
a known optical counterpart at the redshift of the HI source
(Haynes et al. 2011). The total HI mass of each group is the
sum of all the HI detected galaxies in the group.
In Fig. 1 we compare the resulting HI group masses ob-
tained with these two different methods, where Group MHI,1
represents the HI mass obtained with the method in the first
step described earlier in this section, and Group MHI,2 repre-
sents the HI mass obtained with the two-step method. From
this plot we can see that the difference in the group HI mass
obtained by two different methods is small.
2.3.2. HI source confusion and group edge effects
It is reasonable to expect that confusion within the Arecibo
beam would be a problem in group environments where
galaxies are in close proximity. Table 2 of the α.40 cata-
log (Haynes et al. 2011) includes notes on sources for which
the HI parameters are uncertain because of confusion or other
issues. The ALFALFA pointing errors are on average 18′′
which is a fraction of the 3.5× 3.8′ beam.
Of all the 766 HI sources in the 216 SDSS group members,
481 are from the α.40 catalog and 51 of them are cataloged as
”blended”. We remove 6 of these groups because they suffer
from severe confusion effect and hence they are very difficult
to deblend. Another 4 groups, in which only a pair of mem-
bers are blended, are in close proximity and have similar HI
flux. We choose to keep them in our sample and then use the
larger HI member mass as the pair HI mass. There are 286
new HI sources from the α.70, for which no confusion has
been identified. If the confusion rate is similar to that of the
α.40, we could estimate that about 3.7% HI members suffer
from confusion. Therefore source confusion should have lim-
ited effects on our statistical results.
Another effect that needs to be considered is the edge ef-
fect which involves groups with optical members not fully
included in the α.70 survey field. We tried to identify such
groups and remove them from our sample. For all groups, we
exclude those that have more than 25% members lying out-
side the α.70 footprint. We restrict our sample to group virial
mass greater than 1013M⊙ which will be explained in detail in
section 3.2. Ultimately after removing the groups with edge
FIG. 1.— Comparison of the group HI mass obtained by two different meth-
ods: Group MHI,1 refers to the one-to-one match method and Group MHI.2
refers to the mixed methods of the first and second steps in section 2.3.1 (see
text for details).
and confusion effects that have been noted in the α.40, our
SDSS Mr18 sample has 172 groups of 8 or more members
which contains 730 HI galaxies.
2.3.3. The HI detection rate
It may also be a concern that the ALFALFA detects only
gas rich galaxies at high redshift, and this will underestimate
the group HI mass and introduce bias into our analysis. We
plot the HI detection fraction of the SDSS groups as a func-
tion of redshift, as shown in Fig.2. In Fig.2 the blue squares
represent the HI detection rates of the spiral galaxies in the
SDSS groups and each square represents the average over
a velocity range of 500 km s−1. The black triangles repre-
sent the HI detection rates among all the member galaxies in
the SDSS groups. It can be seen that when the group veloc-
ity is less than 8000 km s−1, about 60%-80% spiral galaxies
are detected by the ALFALFA while for groups with veloc-
ity greater than 8000 km s−1 the HI detection rates drop sig-
nificantly to 40% and lower. The number of spirals and HI
detections in each SDSS group are listed in Table A1.
If we include early type galaxies, the detection rate for the
whole group is generally lower than 40% and can be as low as
20% for velocity greater than 10000 km s−1. This is not sur-
prising, as the studies of di Serego Alighieri et al. (2007) and
Grossi et al. (2009) found that the HI detection rate of early
type galaxies is about 25% in low density environments and
2.3% in high density environments such as the Virgo cluster,
respectively.
2.3.4. The detction limits and HI mass estimates in the SDSS
groups
For the groups containing HI un-detected members, we
have estimated the possible missed HI mass based on the
ALFALFA detection limits. We compute the minimum de-
tectable HI mass at different distances using equation (5) of
Giovanelli et al. (2005) assuming that a velocity width of
200 km s−1 and an integration time of 40 seconds, but we use
4.5σ instead of 6σ in that equation. The resulting detection
4SDSS
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FIG. 2.— The HI detection fraction distribution of the SDSS groups as a
function of group velocity.The blue squares represent the HI detections in
all the spiral galaxies in the groups. The black triangles represent the HI
detections in all the member galaxies in the groups.
limit of HI mass is 4.1× 108M⊙ at z=0.02 and 1.6× 109M⊙
at z=0.04. Here 4.5σ is used because the ALFALFA catalog
we used is down to the limit of 4.5σ . By summing up all the
4.5σ detection limit HI masses for the HI un-detected galax-
ies, and combined with the ALFALFA detected HI mass, we
can estimate the upper limits of the HI masses for our sample
SDSS groups.
Instead of using the above mentioned upper limits, we have
also tried to obtain a better estimate of the HI masses for the
HI un-detected galaxies (including all morphological types)
using the relationships between galaxy gas contents and op-
tical colors. We first estimated the stellar masses from the
r-band luminosity and g-r color using the formula derived by
Bell et al. (2003):
log(M∗/Lr) =−0.306+ 1.097(g− r) (1)
and then estimated the HI masses using the relationship be-
tween MHI/M∗ and g-r color which is fitted from Figure 2 of
Zhang et al. (2009), where M∗ is the galaxy stellar mass:
log(MHI/M∗) = 1.09431− 3.08207(g− r) (2)
The scatters of the two formulas are 0.1 and 0.35 dex, respec-
tively. The r band absolute magnitude and g-r color of the
member galaxies are listed in the SDSS Mr18 catalog. With
these two formulas, we compute the HI mass of each HI un-
detected member galaxy and the sum of these HI masses in
one group is listed in Table A1 as MHI,color. The total HI gas
mass of a group is the sum of MHI,color and the ALFALFA
detected HI mass MHI.
2.4. Group virial Mass
Dressler & Shectman (1988) have proposed a method to
test if groups are virialized systems. Such method is called
Dressler-Shectman (DS) test, which compares the local ve-
locity and velocity dispersion for each group member galaxy
with the global group values to test the presence of substruc-
tures in clusters or groups. We have performed the DS test for
our sample groups. For each galaxy i, we select its N near-
est neighbors and compute their mean velocity vl and velocity
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FIG. 3.— The correlation between Rp and Rrms in our SDSS sample. Rp is
the projected virial radius derived in this work and Rrms is the rms projected
radius listed in the SDSS group catalog.
dispersion σl . We compute the δ value for each of the SDSS
groups as follows:
δ 2 =
(N + 1)
σ2group
[(vl − vgroup)2+(σl−σgroup)2]
where vgroup is the SDSS group mean velocity and σgroup is
the group velocity dispersion. For the groups with number
of member galaxies Nmem greater than 20, we set N=10, oth-
erwise N =
√
Nmem. The △ value is △ = Σiδ . A group is
considered to be virialized (or do not have substructure) if
△/Nmem < 1.
Our results indicate that all of our sample groups do not
have significant substructures, thus it is reasonable to assume
that they are at least quasi-virialized systems.
The virial mass Mv is not listed in the SDSS Mr18 catalog.
Thus we calculate the group virial mass following equation
(6) of Crook et al. (2008), e.g.
Mv = 3/2piσ
2
pRp/G, Rp = N(N− 1)/∑
i> j
R−1i j (3)
where Ri j is the projected separation between two galaxies.
We calculate Rp for every SDSS group and use it to compute
Mv. Fig.3 compares the values of Rrms and RP for our sample
groups and we found that these two quantities are closely cor-
related with each other. A straight line fitting yields a relation
RP∼1.8Rrms, with a scatter of ∼ 0.25, which corresponds to a
relative error of 47% in the group radius.
2.5. SDSS group crossing time
The group crossing time of the SDSS groups are calculated
using the following formula similar to equation (3) of Tully
(1987):
tc =
1.511/2Rrms
31/2σp
(4)
where Rrms is the projected group radius defined in equation
(8) of Berlind et al. (2006), and σp is the velocity disper-
sion. The ratio of the crossing time to the approximate age
of the Universe, 1/H0, is a convenient measure of the dynam-
ical state of a group. Thus the parameter tcH0 indicates the
5rough time that a galaxy traversed the group, and its recipro-
cal is the maximum number of times a galaxy could have tra-
versed the group since its formation (Hickson et al. 1992). A
smaller value of tcH0 corresponds to a late evolutionary stage
for a group. According to Berlind et al. (2006), the velocity
dispersion of the SDSS Mr18 groups is systematically under-
estimated by 20%. We correct the velocity dispersion bias
by applying an upward 20% correction and use the corrected
values to calculate the virial mass and crossing time.
3. RESULTS
Numerical simulations have predicted that HI gas content
in galaxies continually decreases in the course of group evo-
lution, either by conversion to stars or by depletion due to
various environmental effects (Duffy et al. 2012). In this sec-
tion we study the relation between group HI mass fraction
fHI = MHI/Mv or group spiral fractions and group crossing
time tc, where Mv is the group virial mass.
3.1. Correlation between group spiral fraction and crossing
time
In section 2.2 we have obtained the spiral fraction and
crossing time for each of the SDSS Mr18 groups. In Fig-
ure 4 we plot the group spiral fraction as a function of group
crossing time. The green points represent the groups whose
spiral galaxies are classified fromGalaxy Zoo 1 with a quality
cut of 0.5. It shows a weak correlation with a correlation co-
efficient of 0.26 and the corresponding statistical confidence
level is 99.99% (if a quality cut of 0.6 is used, the correlation
coefficient is 0.25 and the confidence level is 99.99% ). To
reduce the influence due to uncertainty in the crossing time,
we binned the data over a range of log(tcH0)= 0.15. The blue
diamonds represent the groups whose spiral galaxies are clas-
sified from Galaxy Zoo 1 with a quality cut of 0.5, and the red
diamonds represent those with a quality cut of 0.6. The red di-
amonds are systematically lower than the blue ones, but they
share the same trend. Each diamond represents the averaged
value and the error bars are the 1σ standard deviation in each
bin. The group spiral fractions show a clear trend of increas-
ing with crossing time. For the cut value of 0.5, the correlation
coefficient is 0.98 for the binned data and the corresponding
confidence level is 99.99% (for the cut value of 0.6 the corre-
lation coefficient is 0.97 and the confidence level is 99.99%).
This correlation is consistent with the result obtained from hy-
per compact groups (Fig.5, Hickson et al. 1992). Since spiral
galaxies are usually rich in HI gas, we expect that the group
HI gas fraction should increase with crossing time as well.
The above analysis is based on the mean value of the spi-
ral fraction in each bin. We have also made similar analysis
using the median value for each data bin and arrived at simi-
lar statistical results. We have calculated the standard error of
the median for each bin with a bootstrapping technique, and
found that they are all less than 0.1 which is much smaller than
the standard deviation in the data bin. Hence we consider that
the errors on the mean or on the median values would have a
limited effect on the statistical results in Fig.4.
3.2. Correlation between group HI mass fraction and
crossing time
Before studying the correlation between fHI and the group’s
crossing time tcH0, we note that the denominator of fHI, Mv,
scales with tc by definition where tc is proportional to 1/σp,
and 1/Mv is proportional to (1/σp)
2. To eliminate such an
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FIG. 4.— The SDSS group spiral fraction as a function of crossing time.
The green points represent the groups whose spiral galaxies are classified
from Galaxy Zoo 1 with a quality cut of 0.5. The blue diamonds are the
binned value of the green points with a bin size of 0.15 classified with a
quality cut of 0.5. The red diamonds are binned from those classified with a
quality cut of 0.6.
effect, we divide our sample into several subsamples accord-
ing to the group virial mass so that Mv does not correlate with
tcH0 in each subsample. We exclude the groups with Mv less
than 1013 M⊙ because the resulting subsample would become
too small for a statistical study.
We split the SDSS sample into three subsamples, SDSS-
1,SDSS-2 and SDSS-3, which correspond to the virial mass
range of 1013 − 1013.5 M⊙,1013.5 − 1014 M⊙ and 1014 −
1014.5 M⊙. The upper panels of Fig.5 show the relation be-
tween 1/Mv and tcH0. The correlation coefficients between
1/Mv and tcH0 of the SDSS subsamples are listed in Table 1
as r1 which are all less than 0.3. The statistical significance of
r1 are shown as α1 in Table 1. So, after narrowing down the
virial mass range of each subsample there is almost no corre-
lation between 1/Mv and tcH0 in each subsample. Thus any
correlation between fHI and tcH0, if it exists, would reflect the
relation between the HI mass fraction and the group crossing
time.
In the middle panels of Fig. 5 we plot fHI vs tcH0 in log-
arithmic scale for each subsample. The group HI masses are
the sums of MHI and MHI,color which are all listed in Table
A1. The error bar for each group is derived from the scatter
of Eq.(1) and (2) plus the observational error of the α.70 HI
detections.
We fit a straight line y = ax+ b to the points on the mid-
dle panels of Fig.5, where x and y represent crossing time
tcH0 and the HI gas fraction fHI in logarithmic scale, respec-
tively. We employ the Markov chain Monte Carlo (MCMC)
method for the fitting. For the HI mass of each group, we se-
lect a random value (assuming Gaussian distribution) within
the HI mass error bars, with MHI,obs +MHI,color as the expected
value. Note that we need to make sure that each of the total
HI masses used in the fitting is under the ALFALFA 4.5σ up-
per limits discussed in section 2.3.4. We found that there are
147 groups whose 4.5σ upper limits from the α.70 are inside
the error bars of the color estimated HI mass. In such case,
during the MCMC process, we set the Gaussian probability
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FIG. 5.— Correlation between the HI mass fraction and the crossing time (middle panels). The black line in each panel is the MCMC fit line. The upper panels
show the correlation between the reciprocal of the virial mass and the crossing time for the SDSS groups. The middle panels show the correlation between spiral
fractions and crossing time. The black points represent each group. The blue diamonds are the averages over tcH0 of 0.15 (in log unit). The pink bars are the 1
σ standard deviation. The two blue arrows in the middle panel represent the groups whose 4.5σ upper limits are under the lower end of the error bar of the color
estimated HI mass.
7TABLE 1
THE FITTED PARAMETERS OF A LINEAR RELATION y = ax+b BETWEEN HI GAS FRACTION AND GROUP CROSSING TIME.
Subsample r a b r1σ a1σ b1σ α ≤ 0.03 r1 α1 < Mv >
% 1013M⊙
SDSS-1 0.41 0.69 -2.20 0.031 0.049 0.052 99.99 0.24 0.037 2.02
SDSS-2 0.43 0.71 -2.45 0.035 0.053 0.059 99.99 0.15 0.236 5.52
SDSS-3 0.45 0.77 -2.64 0.045 0.092 0.110 93.44 0.25 0.159 16.23
NOTE. — Column 1: The subsample name; Column 2: the correlation coefficient between fHI and tcH0; Column 3: the slop of the fitted line; Column 4: the
intercept of the fitted line; Column 5: the 1 σ standard deviation of r; Column 6: the 1 σ standard deviation of a; Column 7: the 1 σ standard deviation of b;
Column 8: the percentage of fits that have a significance of the Spearman rank correlation r less than 0.03; Column 9: the correlation coefficient between 1/Mv
and tcH0; Column 10: the significance level of r1; Column 11: the averaged virial mass.
8distribution to zero beyond the 4.5σ upper limit. This will
help to avoid overestimating the group gas content with the
color estimated HI mass. There are two groups whose 4.5σ
upper limits are under the lower end of the error bar of the
color estimated HI mass. These two groups are shown as blue
arrows in the middle panel of Fig.5. In the MCMC fitting for
them we choose a random number based on uniform distribu-
tion in the range between the observed values and the 4.5σ HI
upper limits.
The errors in the virial mass and crossing time are mainly
caused by uncertainties in group radius and velocity disper-
sion. As discussed in Sec 2.4, the relative error of the SDSS
group radius is 47%. It is difficult to estimate the error of the
velocity dispersion of our SDSS groups, while according to
Tully (2015) the error of the group velocity dispersion is rela-
tively small. For the groups with velocity dispersion between
about 200-600 kms−1, the errors are less than 30%. So we use
an average value of 20% for the relative error of the velocity
dispersion for the SDSS groups. Comparing to the group ra-
dius error, the error in the velocity dispersion is rather small
and has very limited effect on our results. According to the
error propagation formula, tcH0 would have a relative error of√
e2σ + e
2
R, and Mv would have a relative error of
√
4e2σ + e
2
R
where eσ and eR are the relative errors of group velocity dis-
persion and radius, respectively.
For each fit, we select a random value based on a Gaussian
distribution for the tc and Mv relative errors. Using the least
χ2 fitting to the random values generated from the three cat-
egories of distribution (MHI,tcH0 and Mv), and repeating this
process 100,000 times, we obtain three sets of distribution of
the fit parameters: a, b and r. The parameter a is the slope,
b is the intercept of the fitted line and r is the Pearson Cor-
relation Coefficient for all the subsamples. The distributions
of the parameters obtained from the 100,000 fits are Gaus-
sian and we list the expectation value and 1σ error of r, a and
b in Table 1. All the values of r are greater than 0.3 which
means that these two variables are at least moderately corre-
lated. Fig. 6 is an example of the distribution r for subsample
SDSS-2. Column 8 of Table 1 marked as α < 0.03 shows the
percentage of fits among the 100,000 repetitions that have a
significance of the Spearman rank correlation less than 0.03
(corresponds to a confidence level of 97%). We see that more
than 90% of the fits have α < 0.03.
The analysis above is based on the assumption that the
groups are all virialized so that the group virial mass can be
calculated with Eq (3). If the group is not virialized, the group
halo mass could be different from the virial mass. To esti-
mate the uncertainties in Mv for our sample groups, we have
cross matched our group sample with the X-ray detected clus-
ter catalog MCXC (Piffaretti et al. 2011), but only 27 SDSS
Mr 18 groups are found. Comparing our derived group virial
masses with that derived from X-ray observations, we found
that the uncertainty in the virial mass could be by a factor of
2-3 in the worst cases. Even taking such a large uncertainty
into account, our MCMC simulations show that the correla-
tion coefficients between fHI and tc remain larger than 0.3 in
all subsamples, though they are slightly lower than that listed
in Table 1 as expected.
For comparison we also plot the spiral fraction distributions
with tcH0 for the three SDSS subsamples with the same virial
mass ranges, as shown in the lower panels of Fig.5. The black
points represent the morphological data obtained in Section
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FIG. 6.— The Pearson Correlation Coefficient distribution after 100,000
fitting steps for the SDSS-2 subsample, bin size=0.005.
2.2. We also binned the data over a range of logtcH0 = 0.15.
The blue diamonds represent the averaged spiral fraction of
SDSS groups in the tcH0 range. The pink bars are the 1 σ
standard deviation. From the middle and lower panels of Fig.5
we can see that the group spiral fraction is correlated with the
crossing time following a trend similar to that of the HI gas
fraction. The correlation parameters between spiral fraction
and tcH0 for all the SDSS subsamples (the lower panels of
Fig.5) are listed in Table 2. However, the fact that both fHI
and spiral fraction follow the same trend of decreasing with
crossing time suggests that both gas fraction and morphology
change as groups evolve, but the order in which this transfor-
mation takes place is unclear.
Table 1 also lists the average virial mass < Mv > of each
subsample in units of 1013 M⊙ (column 11). From Fig.5
we can see that when the average virial mass increases, the
group HI mass fraction decreases, and the MCMC fitted line
is shifted toward lower fHI. Such effect is predicted in the
numerical simulations(Duffy et al. 2012, Dave et al. 2013,
Cunnama et al. 2014, Rafieferantsoa et al. 2015), and this is
another reason why we needed to divide our sample into dif-
ferent subsamples.
The quantitative relation between fHI and tc from the
MCMC fit is
log fHI = a log(tcH0)+ b (5)
or
fHI ∝ t
a
c ∝ (Rrms/σp)
a (6)
The slope a is around 0.7 for each subsample. If this corre-
lation is due to the relation between 1/Mv and tc, the slope
should be about 0.5. Thus the increase of fHI is most likely
due to the increase of MHI vs. crossing time.
3.3. Correlation between group HI mass fraction and group
richness
It has long been known that galaxymorphologies are related
with environments following the morphology-density relation
(T-Σ relation) (Dressler 1980, Cappellari et al. 2011). In this
9TABLE 2
THE CORRELATION PARAMETERS BETWEEN SPIRAL FRACTION AND tcH0 FOR THE SDSS SUBSAMPLES.
Subsample SDSS-1 SDSS-2 SDSS-3
un-binned 0.4 99.7% 0.3 98.9% 0.3 89.2%
binned 0.9 99.5% 0.9 98.1% 0.6 71.6%
NOTE. — The upper row shows the correlation results for the un-binned data and the lower row shows the correlation results of the binned data in the lower
panels of Fig.5. Each column lists the correlation coefficients and the confidence level for each subsample.
section we explore the relation between the HI gas content and
galaxy richness in groups. The upper left panel of Fig.7 shows
the fHI distribution as a function of the group member counts,
where we use the group member counts N to represent the
group richness, and the data are binned together so that each
bin contains a similar number of groups. The blue diamond
represents the averaged HI fraction fHI in each data bin, for
which the group HI masses are obtained from the α.70 cata-
log (MHI), while the green diamonds represent those groups
whose HI masses are calculated as MHI +Mclolr,HI. The up-
per right panel of Fig.7 shows the group spiral fraction as a
function of group member counts. Both plots show a clear
trend of decreasing HI gas fraction and spiral fraction in rich
groups with more galaxy members. This result is consistent
with the T-Σ relation, as rich groups have a higher number
density environment.
Groups with more galaxy members also have a larger halo
mass. We have divided our sample into 3 subsamples to re-
move part of the dependence on halo mass for the statistical
studies. The middle and lower panels of Fig.7 show the HI
fraction fHI and spiral fraction distribution as a function of
the group member counts for the SDSS 1-3 subsamples. We
re-bin the range of N in each subsample so that each bin con-
tains a similar number of groups. Comparing with the upper
left panel in which fHI decreases with N, there is no clear
trend for the HI fraction fHI as N increase among each sub-
sample. The average HI fraction in different subsamples in-
deed dreases from SDSS-1 to SDSS-3. This suggests that the
anti-correlation between fHI and N seen in the upper left pan-
nel of Fig. 7 is mainly due to the increase of group halo mass,
not due to the increase of galaxy members. Such result im-
plies that mechanisms related to halo mass such as starvation
rather than merger are the major process in depleting HI gas
in groups.
It is interesting to see that the group spiral fraction shows
a dependence on the group member count N (lower panel of
Fig.7). Unlike the HI fraction, the spiral faction in each sub-
sample is anti-correlated with N. This suggests that merging
is the key process in galaxy morphology transformation in
groups.
4. DISCUSSION
4.1. The crossing time as an age indicator of galaxy groups
Our purpose for studying the relation between fHI and tc is
to quantify the HI gas depletion process during the evolution
of galaxy groups. A key question is whether the crossing time
tc can be used as an indicator of group age. This parameter
was introduced by Tully (1987) to indicate the evolutionary
state of galaxy groups. However, Diaferio et al. (1993) ar-
gued that one should be cautious in using tc as an indicator
of group age, as his N-body simulation results showed that
small groups (N < 8) with small crossing times may be in the
collapsed phase. Thus we did not include groups with N < 8
which could be dynamically young. We have run the DS test
for our SDSS groups and the test result shows that all our sam-
ple groups do not have significant substructures. It is likely
that the groups in our sample are at least quasi-virialized. For
a virialized system, Mv ∝ σ
2
pRp and Mv = nR
3
p, where n is the
average density,we have tc ∝ Rp/σp ∝ 1/
√
n. Thus, the value
tc is also related to the average density of the galaxy group. As
a group evolves to a later state, it gets more and more com-
pact and its average density increases. From this perspective
the crossing time tc can indeed indicate the evolutionary state
of a galaxy group.
4.2. Relation with the ”Butcher-Oemler” effect
Evolutionary effects of galaxies are usually seen at high
redshifts, such as the so called ”Butcher-Oemler” effect
(Butcher & Oemler 1978,Butcher & Oemler 1984) accord-
ing to which clusters at z > 0.4 have a substantial population
of blue galaxies implying more HI rich galaxies, while the
nearby rich clusters are very deficient in HI. However, very
few clusters can be detected at HI at z > 0.4, and thus we
can not directly see the HI evolution at high z. Nevertheless,
using tc, we can identify young galaxy groups (with large tc)
which could be the local analogs of the young groups at high
z, i.e. large tc groups at high z could evolve into old groups
with small tc at low z Universe.
More quantitatively, Diaferio et al. (1993) estimated that 10
group crossing times would take about 5-6 Gyr in evolution.
Such change in terms of our definition of tcH0 is roughly from
0.04 to 0.3 (or -1.4 to -0.5 in logarithmic units) . Hence the
progenitor of a group with a small tc (e.g 0.04H
−1
0 ) could have
a larger value (about 0.3H−10 ) of tc at a ”look back” time of
5 Gyr, or about z=0.5. From Fig. 4, we can see that the spi-
ral fraction almost doubles from crossing time of 0.04 to 0.3.
Such morphology transformation due to tc is similar to the B-
O effect, and their time scales are well matched. According
to Moore et al. (1996) a dramatic morphological transforma-
tion in clusters which turns blue spiral galaxies to HI defi-
cient elliptical galaxies occurred during a ”look-back time” of
about 4-5 billion years, consistent with about 10 group cross-
ing times. We note that the crossing time estimates of Diaferio
et al. (1993) are based on a simple numerical model. In the
future, we plan to run detailed numerical simulations to model
the change of tc of a group over the cosmic time and reveal its
relation with the morphology transformation process.
Another effect that can reduce spiral fraction of a group is
merging. A small group can grow into a large group by ac-
creting more galaxies over cosmic time, thus reduce the spiral
fraction following the trends shown in Fig.7. This process can
also contribute to the B-O effect. Again detailed numerical
simulations are required to reveal the contribution of different
mechanisms in morphology transformation over cosmic time.
4.3. The gas depletion time scale and environment effects
Using the result obtained from Fig.5, we can make a more
quantitative estimate of the HI depletion time in a group. Dur-
ing the evolution of a galaxy group, after 10 crossing times,
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FIG. 7.— The correlations between group member counts with fHI and spiral fractions. The upper left panel shows the fHI distribution as a function of group
member counts. The blue diamond represents the averaged HI fraction fHI in each data bin, for which the group HI masses are obtained from the α .70 catalog
(MHI), while the green diamonds represent those groups whose HI masses are calculated as MHI +Mclolr,HI. The upper right panel shows the spiral fraction
distribution as a function of group member counts. The error bars represent the 1 σ standard deviation. The middle and lower panels show the same distribution
as the upper panels but the sample is divided into three subsamples based on halo masses.
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e.g. tcH0 increases from 0.04 to 0.3, the HI gas fraction can
decrease significantly. Thus the HI gas depletion time scale is
approximately several Gyrs based on the time estimates in the
previous section.
Ram pressure stripping in depleting HI gas is thought to
be very efficient in galaxy clusters because the relevant time
scale is very short (≥ several 107 yr, Vollmer et al. 2012).
Thus this mechanism is unlikely the major effect for HI gas
depletion in our sample groups. On the other hand, the time
scale of slowly acting processes such as starvation and stran-
gulation is relatively long (≥ 1 Gyr, Balogh & Navarro &
Morris 2000). Thus our results seem to fit with these long
time HI depletion processes where gas experiences a steady
decline. Future theoretical modeling of HI gas evolution in
galaxy groups taking into account all the environmental ef-
fects should be able to establish the accurate time scale for HI
gas depletion and explain the observed relation between fHI
and tc.
5. CONCLUSIONS
Our findings are summarized as the following:
1. By cross matching the latest released ALFALFA 70%HI
source catalog with the SDSS group catalog, we have identi-
fied 172 groups from the SDSS survey whose total HI mass
can be derived by summing up the HI masses of all the HI
sources within the group radius. As the HI gas is bound to the
group and will eventually be the fuel for star formation in the
group, we treat the total HI gas content as a global quantity of
the group and explore its relation with other group properties
such as the virial mass. Based on the SDSS group sample we
found a weak correlation between the group HI mass fraction
and the group crossing time.
2. We used the Galaxy Zoomorphological data to derive the
fraction of spiral galaxies in groups and found a correlation
between the group spiral fraction and the group crossing time
for the SDSS Mr18 group sample. The galaxy morphology in
our sample groups also follows the morphology-density rela-
tion.
3. We suggest that the group crossing time is a good indi-
cator of the group’s age, and that younger groups with larger
crossing times have more spiral galaxies as well as a higher
fraction of HI gas than older groups. The groups with large
crossing times could be similar to the dynamically young
systems at high redshift before they go through morphology
transformation.
4. The detection rate of HI in the ALFALFA survey is still
low for most groups with z> 0.03. Several on-going HI sur-
veys, such as CHILES with the VLA (COSMOS HI Large
Extragalactic Survey, Fernandez et al. 2016), and LADUMA
with the MeerKAT (Looking at the distant Universe with the
MeerKAT Array, Blyth 2016, Holwerda & Blyth & Backer
2012), are designed to detect more high redshift HI signals,
which are very important for understanding galaxy evolution.
Future deep HI surveys with large radio telescopes such as the
FAST and SKA will be able to improve the detection rate and
improve the statistics on the total HI gas contents of groups
and clusters.
5. Although the major focus of this paper is on the total HI
gas in groups and did not include detailed analysis to distin-
guish the relative importance of the physical mechanisms for
HI deficiency, the HI gas depletion time scale in our sample
groups are found to be several Gyrs, similar to the time scale
for morphology transformation. This suggests that long time
scale mechanisms such as starvation seem to play a more im-
portant role than short time scale processes in depleting HI
gas in the SDSS galaxy groups.
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TABLE A1
THE RESULTING VALUES FOR THE SDSS SAMPLE. (CONTINUED ON NEXT PAGE)
groupID ra dec z Nm Nspiral NHI MHI Mv tcH0 MHI,color MHI,error
1010M⊙ 1013M⊙ 109M⊙ 108M⊙
6 38.172886 0.668691 0.02193 8 3 5 1.58 7.23 0.061 2.07 8.88
209 237.375259 0.277424 0.03225 8 2 1 1.02 2.09 0.064 2.67 7.46
265 164.568848 1.558856 0.03935 79 35 8 7.07 18.20 0.099 56.60 59.40
284 212.780563 1.367162 0.02524 11 6 2 1.20 1.41 0.113 5.74 6.80
464 162.506287 0.360061 0.03917 21 9 1 1.62 9.64 0.055 18.30 12.90
591 181.098618 1.689661 0.02066 14 5 1 0.20 3.05 0.102 4.35 1.95
700 29.357054 14.545851 0.0263 8 3 4 1.11 2.03 0.063 1.24 9.41
712 18.38389 15.724561 0.038 12 7 4 2.26 1.73 0.162 12.40 15.40
1910 228.058075 1.983612 0.03875 44 10 1 0.38 16.40 0.106 35.90 3.97
1932 218.560852 3.535023 0.02884 42 23 7 5.52 11.20 0.113 23.90 22.40
2002 196.161041 3.769489 0.0403 11 5 3 2.63 1.45 0.077 5.20 25.70
2005 220.170898 3.547091 0.027 59 17 3 1.29 13.90 0.088 24.00 7.50
2128 169.497421 2.609058 0.02958 8 5 2 0.93 2.20 0.112 4.81 6.21
2255 219.220154 3.36729 0.02659 9 2 1 0.41 3.48 0.075 3.64 3.00
2263 223.368011 3.20061 0.028 16 10 3 2.28 6.02 0.068 10.80 11.90
2268 228.990738 2.991235 0.03763 14 8 2 1.10 2.39 0.047 7.43 10.80
2293 215.777206 4.496596 0.02656 11 9 4 1.52 3.33 0.174 5.25 10.70
2326 223.403412 4.581405 0.0283 9 2 1 0.71 2.39 0.121 4.91 3.92
2332 227.996246 4.518596 0.03617 48 15 5 3.14 23.90 0.073 25.90 28.60
2336 229.562668 4.418047 0.03675 49 22 4 3.46 12.90 0.114 34.20 23.90
2752 348.358185 14.134232 0.03974 11 6 4 3.95 1.08 0.12 15.50 23.40
2760 351.260101 14.626508 0.04047 75 28 5 4.14 29.20 0.095 35.10 30.50
2800 333.635864 13.779809 0.02602 45 16 7 3.77 16.90 0.066 18.50 18.10
3480 167.594254 4.669164 0.02983 28 16 9 7.41 11.70 0.071 10.10 32.40
3510 135.683716 3.466104 0.02663 8 6 1 0.39 1.69 0.07 4.98 3.31
3562 159.694855 5.669923 0.02812 12 6 6 3.99 3.91 0.13 2.36 17.30
3620 168.751434 4.132484 0.03957 19 7 2 1.32 2.48 0.072 9.34 11.90
3943 206.886124 3.611311 0.02342 10 7 4 1.84 3.70 0.057 3.84 7.76
3962 203.434601 4.726468 0.02214 8 5 6 4.61 3.47 0.098 1.85 13.00
4005 205.21727 4.808541 0.02316 19 11 14 6.17 1.18 0.182 4.51 25.90
4068 188.851364 5.843061 0.0408 8 5 2 1.22 3.39 0.054 6.81 11.20
5375 232.004517 4.009582 0.03807 9 4 2 1.58 1.01 0.109 4.77 11.80
5424 226.504929 5.559979 0.03681 24 14 5 5.24 3.72 0.152 12.00 28.60
5447 233.069153 4.768817 0.03877 37 13 1 0.69 15.00 0.049 24.90 5.76
5502 214.607208 7.474541 0.02469 20 10 4 1.29 6.78 0.049 10.20 9.19
6059 3.154815 -0.021308 0.03967 9 2 3 4.93 1.54 0.079 12.90 16.50
7335 125.903854 4.291001 0.02849 10 4 1 0.21 6.26 0.037 6.88 2.74
7383 162.861298 8.505543 0.02163 15 7 7 2.58 6.97 0.065 2.64 13.20
7621 177.848831 8.761795 0.03539 9 4 1 0.42 2.27 0.056 6.85 4.29
7625 164.530182 8.48995 0.03502 9 4 2 1.32 2.20 0.073 23.20 9.50
7633 181.046585 9.184257 0.03479 9 5 1 1.10 2.39 0.139 6.53 5.43
7638 186.547516 8.892553 0.02448 15 9 5 1.73 4.73 0.069 8.05 15.00
7699 164.520813 9.42227 0.03413 11 6 3 1.30 1.83 0.125 7.16 10.80
7700 165.15062 9.401519 0.03589 18 7 3 2.52 1.49 0.16 9.12 13.90
7768 164.004959 9.750942 0.03237 8 6 5 3.81 1.81 0.059 3.10 19.90
7787 185.83316 10.63978 0.02527 13 6 1 0.40 6.57 0.051 7.75 2.05
7814 165.249725 10.463159 0.03632 22 8 3 2.01 4.54 0.094 15.10 13.90
9146 156.77887 11.003482 0.03216 28 17 3 2.60 6.07 0.062 16.70 13.30
NOTE. — Column 1: Group ID; Column 2: R.A. (J2000) of group; Column 3: Decl. (J2000) of group; Column 4: redshift of group; Column 5: number of
member galaxies; Column 6: number of spiral galaxies; Column 7: number of galaxies detected by HI; Column 8: group HI mass detected by the ALFALFA;
Column 9: group virial mass; Column 10: crossing time; Column 11:group HI mass of the HI-undetected member galaxies estimated based on optical color;
Column 12:the error of the detected HI mass of the SDSS groups.
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THE RESULTING VALUES FOR THE SDSS SAMPLE. (CONTINUED FROM PREVIOUS PAGE)
groupID ra dec z Nm Nspiral NHI MHI Mv tcH0 MHI,color MHI,error
1010M⊙ 1013M⊙ 109M⊙ 108M⊙
9168 148.512573 10.588834 0.04044 15 8 2 1.20 3.35 0.096 12.40 11.80
9428 167.008255 13.135915 0.03394 10 3 1 0.56 3.88 0.039 5.66 3.24
9491 145.301666 11.511487 0.02161 8 2 3 4.34 1.09 0.057 2.82 7.60
9500 155.776886 13.007605 0.03217 21 6 1 0.59 3.64 0.071 9.21 6.11
9505 160.049683 13.582075 0.03187 11 7 1 0.60 1.50 0.208 6.85 3.22
9530 161.107101 14.093637 0.03282 20 4 1 0.17 11.70 0.046 10.30 1.99
9626 132.551987 29.418653 0.02697 9 5 6 5.72 1.57 0.168 5.13 20.90
10587 243.114563 29.415983 0.03203 24 11 2 2.11 16.40 0.042 6.84 13.10
10707 169.872375 12.043807 0.03945 13 3 1 0.71 2.60 0.063 6.40 4.86
10716 180.606689 12.338239 0.04066 8 6 2 1.01 2.06 0.074 5.60 8.32
10762 202.31102 11.593844 0.02273 38 16 7 6.44 14.70 0.063 14.80 18.50
10788 200.406204 12.22548 0.03802 8 6 3 5.50 2.46 0.131 3.65 29.50
11261 224.061127 9.425362 0.02889 15 9 3 1.57 2.40 0.075 8.25 9.15
11267 228.952332 8.317826 0.03388 15 8 4 4.09 1.27 0.133 9.09 25.30
11270 229.818726 8.331722 0.03387 9 4 1 0.58 4.37 0.175 7.19 4.88
11280 235.114166 7.447909 0.03771 9 6 4 3.20 2.68 0.083 2.38 24.40
11328 228.947556 9.012357 0.03344 14 11 4 3.20 1.73 0.185 11.00 18.50
11339 235.86792 8.283604 0.041 27 15 2 2.36 6.49 0.177 22.40 15.80
11378 217.050323 11.439986 0.02706 23 11 5 2.66 8.28 0.064 8.52 13.30
11438 226.04303 10.034683 0.03799 9 6 3 1.70 3.30 0.073 5.50 12.90
11464 221.710175 11.56801 0.02957 18 6 1 0.60 4.57 0.037 12.20 4.82
11473 227.018005 10.309496 0.0352 8 4 1 1.05 1.21 0.072 5.49 7.33
11705 204.111176 6.438471 0.02309 10 8 7 3.75 4.30 0.088 2.80 14.00
11726 203.263153 7.252505 0.02344 13 8 3 0.96 6.22 0.039 5.37 7.33
11985 219.562546 9.351056 0.03061 9 5 3 1.93 2.65 0.065 7.53 9.77
12133 233.813736 27.306461 0.03253 24 11 4 1.83 11.90 0.049 12.30 15.50
12281 235.330475 28.170858 0.03237 26 11 9 4.72 5.32 0.076 16.10 31.40
12418 241.956696 25.473261 0.04127 11 4 2 0.97 1.39 0.053 8.14 9.58
12512 226.913727 6.967523 0.03077 8 5 3 2.90 1.40 0.11 4.28 14.40
12515 229.197678 7.050813 0.03602 62 12 1 1.74 30.00 0.043 36.00 7.30
12524 203.16127 9.802313 0.02354 11 6 7 2.83 6.40 0.094 4.73 14.60
12530 212.721451 8.842516 0.02376 16 5 10 5.56 2.60 0.178 6.80 20.40
12534 220.137329 8.357473 0.03029 8 5 3 4.24 3.45 0.067 1.75 11.00
12537 223.078217 7.9186 0.03539 15 8 3 1.69 4.92 0.079 9.06 13.30
12577 210.567734 9.222879 0.02046 8 5 5 2.81 1.21 0.127 2.45 7.20
12588 220.664902 8.677205 0.03382 19 9 4 3.86 4.67 0.073 20.90 21.40
12598 232.917923 7.277811 0.03379 13 6 3 1.91 2.64 0.069 6.27 14.10
12711 234.154953 5.809239 0.03935 8 6 3 2.27 3.06 0.111 8.83 17.80
13585 201.159729 13.930791 0.02313 24 16 11 5.02 8.59 0.077 9.79 21.30
13622 209.656448 13.523097 0.03926 13 6 1 0.55 1.32 0.065 6.09 4.62
13680 208.240234 14.56538 0.04067 18 9 1 1.00 2.57 0.097 20.80 5.93
13702 208.900848 14.670437 0.04069 13 7 1 1.51 2.79 0.124 10.20 8.17
13870 221.791779 13.614258 0.0298 25 8 1 0.33 8.05 0.033 14.00 2.74
13876 226.666138 12.730574 0.02192 8 5 5 2.95 1.56 0.042 2.59 8.51
15023 142.037308 29.966383 0.02637 22 11 4 1.86 3.97 0.084 21.30 10.60
15033 129.532425 25.059904 0.0283 18 6 3 1.18 9.25 0.051 7.34 10.50
15056 138.513535 30.028185 0.02232 11 8 3 1.50 2.34 0.047 6.29 7.73
15831 139.646729 27.81535 0.0269 12 10 4 2.32 14.00 0.061 3.99 10.50
16375 230.110504 25.748169 0.03348 26 7 2 0.63 11.60 0.049 11.10 6.06
16770 218.138138 28.454185 0.03119 11 7 6 4.39 3.02 0.133 2.82 22.00
16825 205.954681 30.04793 0.04003 18 8 3 2.77 3.33 0.081 13.60 17.90
16987 164.100845 29.687904 0.0346 8 7 1 0.42 1.19 0.164 7.32 3.25
16990 166.251236 29.895872 0.02951 9 8 4 1.87 2.81 0.066 4.52 10.20
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THE RESULTING VALUES FOR THE SDSS SAMPLE. (CONTINUED FROM PREVIOUS PAGE)
groupID ra dec z Nm Nspiral NHI MHI Mv tcH0 MHI,color MHI,error
1010M⊙ 1013M⊙ 109M⊙ 108M⊙
17428 196.622681 28.652262 0.02567 20 7 3 0.97 13.10 0.122 5.30 3.86
17438 204.825241 27.71818 0.03623 12 6 3 2.21 3.12 0.092 7.00 16.00
17450 229.861816 20.81197 0.03993 54 23 4 3.88 14.30 0.092 32.10 28.40
17454 231.037643 20.715727 0.03995 56 22 4 3.88 13.60 0.101 22.30 21.60
17459 194.460205 28.984585 0.02593 10 5 1 0.14 2.18 0.047 8.19 0.86
17470 213.153107 26.746155 0.03532 24 16 4 3.50 5.73 0.154 18.50 22.80
17506 216.144028 26.43553 0.03673 24 11 4 7.34 10.90 0.087 10.30 25.40
17535 242.944565 16.920317 0.03421 8 4 4 3.33 3.59 0.066 3.88 18.20
17587 208.999329 28.574835 0.03508 12 4 4 2.58 2.63 0.075 4.70 19.60
17785 208.208267 25.052908 0.02981 50 19 19 11.30 6.39 0.172 22.50 66.20
17810 241.82016 14.961396 0.03753 8 6 2 2.59 3.01 0.077 9.72 14.60
17813 242.940155 14.116739 0.03158 20 12 4 2.52 7.43 0.095 16.50 25.00
17839 239.485428 16.300982 0.03695 31 17 8 6.25 12.50 0.036 23.50 44.40
17843 241.614563 15.725222 0.03941 54 18 2 1.42 26.50 0.048 35.00 9.83
17866 208.996063 25.237631 0.03682 10 4 2 1.75 1.66 0.075 5.95 15.30
17951 245.345215 14.627812 0.02937 9 6 2 1.53 2.20 0.069 5.35 9.45
18257 239.609665 14.202219 0.0341 10 7 1 1.45 8.90 0.092 10.50 5.56
18297 241.863403 14.072877 0.03441 12 5 1 0.44 2.46 0.118 10.50 3.15
18513 134.122711 20.201704 0.03133 15 10 1 0.53 3.29 0.116 18.20 3.16
18625 137.515656 19.563103 0.02884 20 12 4 3.17 4.91 0.079 16.00 18.00
18627 139.505081 20.082504 0.02904 35 19 6 5.49 12.60 0.097 21.00 19.60
18629 155.366745 25.580858 0.02086 11 7 2 0.57 1.83 0.125 2.24 3.14
18633 162.123428 26.449635 0.02121 8 7 7 5.85 3.58 0.08 0.44 13.40
18655 185.056168 28.451227 0.02694 31 16 8 4.73 16.90 0.059 11.00 18.90
18728 167.791702 28.690138 0.02891 9 3 1 0.63 1.24 0.049 5.97 2.35
19077 146.832458 21.938108 0.02515 12 7 3 2.35 1.43 0.117 5.92 8.10
19146 175.772552 26.342564 0.03081 13 6 3 1.23 1.72 0.088 8.27 8.14
19153 188.938171 26.719774 0.02383 24 5 5 1.62 26.00 0.027 10.30 8.43
19166 167.841324 26.069723 0.03962 22 15 6 5.75 9.82 0.095 15.60 35.40
19195 193.259766 27.138609 0.02537 10 4 4 1.33 14.80 0.085 3.34 11.40
19206 169.401978 26.676378 0.02716 8 5 3 2.83 3.43 0.067 3.52 12.70
19207 171.896118 27.026323 0.03344 8 7 3 1.84 1.86 0.212 5.80 17.20
19222 193.218887 27.089399 0.02113 8 5 1 0.15 3.08 0.068 4.11 1.71
19245 167.262909 26.547382 0.03808 17 15 6 5.32 4.75 0.091 13.20 30.30
19258 181.580505 28.11812 0.02802 35 10 3 0.85 30.60 0.044 15.60 6.31
19301 179.667572 28.237883 0.02759 11 6 1 2.82 4.03 0.101 3.72 3.50
19607 183.889755 23.987774 0.02244 19 10 5 2.60 7.72 0.045 6.46 9.18
19631 182.067291 25.323114 0.02242 32 10 2 0.48 7.22 0.088 12.70 3.67
19633 184.897842 25.436333 0.02291 13 9 6 2.20 4.22 0.113 3.58 11.30
19655 173.281143 25.118263 0.03337 9 6 6 4.28 4.42 0.057 2.42 26.90
19709 139.018967 17.620777 0.03102 8 4 1 0.33 2.51 0.056 4.69 3.91
19710 139.187943 17.268932 0.02837 32 15 3 1.07 7.52 0.159 20.30 8.69
19725 121.261459 10.62543 0.03445 11 7 6 7.02 3.84 0.085 6.06 40.40
19767 156.791946 21.746721 0.0415 14 7 1 1.32 1.00 0.14 13.40 7.91
19826 164.541595 24.242392 0.02119 9 2 3 0.62 2.90 0.037 3.03 5.20
19892 171.01944 24.125832 0.02481 20 15 5 2.54 17.80 0.056 8.74 13.40
19958 121.009537 9.955961 0.03389 14 8 1 1.15 2.60 0.064 12.20 5.82
20006 177.568878 21.269369 0.02605 10 5 6 1.77 1.06 0.124 3.85 14.00
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groupID ra dec z Nm Nspiral NHI MHI Mv tcH0 MHI,color MHI,error
1010M⊙ 1013M⊙ 109M⊙ 108M⊙
20006 177.568878 21.269369 0.026 10 5 6 1.77 0.81 0.150 3.85 14
20008 178.070297 20.775753 0.022 40 23 20 6.23 9.3 0.097 15.8 32.6
20015 183.291992 21.631865 0.024 9 2 1 0.68 3.86 0.036 3.97 2.15
20024 222.336075 17.333218 0.038 19 16 6 4.48 6.01 0.117 14.9 38.1
20036 144.31813 17.022217 0.028 11 6 1 0.69 4.8 0.103 5.27 2.79
20153 222.130249 18.291761 0.039 21 11 1 3.09 2.29 0.077 13.8 9.33
20157 225.826508 17.168579 0.039 9 7 2 1.45 1.41 0.118 8.4 10.6
20211 208.037155 21.605583 0.028 28 16 5 2.33 11.4 0.082 15.1 15.6
20304 135.91922 13.621006 0.029 21 12 6 2.14 6.3 0.100 10.4 16.3
20436 240.615356 12.548163 0.035 13 7 3 2.63 3.75 0.138 10.5 17.9
20728 176.801102 18.731853 0.037 8 4 1 1.05 1.83 0.118 9.31 6.32
20749 181.065323 20.481783 0.024 64 30 17 7.76 17.2 0.072 34.8 35.6
20831 205.821304 17.955034 0.027 13 4 4 1.33 1.95 0.052 7.07 11.4
20856 237.042297 11.783937 0.035 14 7 3 2.85 3.67 0.088 6.16 17
20924 238.412888 12.088135 0.035 11 10 6 9.22 1.17 0.176 10 35.4
21006 154.255188 16.947313 0.028 8 6 2 1.53 2.85 0.124 6.14 6.12
21012 164.634491 18.140448 0.031 11 7 6 4.62 4.08 0.129 5.34 22.1
21045 161.018997 18.49087 0.031 8 6 5 4.82 0.89 0.074 1.34 26.9
21050 165.82312 18.841419 0.032 16 11 6 3.27 6.27 0.127 6.96 23.9
21308 212.117477 14.969675 0.026 12 9 8 5.73 1.22 0.316 4.45 22
21635 162.619339 16.014072 0.021 9 3 2 1.77 3.81 0.053 4.13 3.92
21680 164.388306 17.183245 0.031 13 6 4 2.97 5.8 0.074 13.8 15.7
22080 152.140274 14.882695 0.030 9 7 2 1.24 1.07 0.185 9.7 7.89
